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Abstract

Amplification of the MCL-1 gene induces MCL-1 overexpression, which is an important marker for drug
resistance in several malignancies through evasion of apoptosis. We analysed 39 lung adenocarcinomas
(ADCs), 38 lung squamous cell carcinomas (SCCs), two large cell lung carcinomas (LCCs) and cell lines.
A duplex ratio test TagMan qPCR approach was performed for MCL-1 copy number change analysis and
we demonstrated amplification of MCL-1 in H1395 cell line and copy number gain (isochromosome) in
H2342 cell line. Immunohistochemistry (IHC) and in situ hybridization (ISH) were performed for protein
and mRNA analysis respectively. MCL-1 amplification was detected in 13% and 2.5% of SCCs and ADCs
respectively. MCL-1-amplified tumours demonstrated high expression of MCL-1 mRNA. Copy number gain

was detected in 2.5 % of ADC but not SCC.
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Introduction

Lung cancer is the leading cause of cancer death
worldwide! (Imielinski et al., 2012) accounting for
approximately 28% of all cancer-related deaths®
(Huncharek et al., 1999). Non-small cell lung cancer
(NSCLC) is the most common type of primary lung
cancer, accounting for approximately 85% of new
diagnoses every year and can be classified into two
major histologic subtypes which are adenocarcinoma
(ADC) and squamous cell carcinoma (SCC)* (Dearden
etal., 2013). The MCL-1 gene encodes for the MCL-1
protein* (Wei et al., 2012), which is an anti-apoptotic
protein, belonging to the BCL-2 family and represents
one of the most commonly amplified genes in human
cancers’ (Perciavalle et al., 2012) with a high prevalence
in lung cancer® (Beroukhim et al., 2010). Analysis of 300
individual tumours using next-generation sequencing
has shown that MCL-1 is one of the most commonly
amplified genes in human malignancies’ (Vogler, 2014),
with several genetic alterations such as translocations
and copy number changes being identified in lung

cancer®., (Staaf et al., 2013).

Quantitative real-time PCR (qRTPCR) is an
extremely sensitive method for detection of somatic
mutations (even at single copy frequencies) and copy
number alterations, making this and attractive method
for screening clinical biopsies and minute lysates from
micro-dissected samples. Furthermore, high throughput
and low cost assays are other advantages of qRTPCR,
as well as the ability to multiplex®!® (Nicklas and Buel,
2003, Xu et al., 2012). Taken together, this offers a huge
advantage over WGS, which is plagued by high costs of
consumables, laborious workflows and relatively lowers
sensitivity. Overexpression of MCL-1 correlated with
chemo-resistance, and reduced apoptosis in NSCLC
cells was identified!" (Song et al., 2005), however
there is no significant correlation between MCL-1 and
patient outcome!? (Wesarg et al., 2007). MCL-1 protein
is known to have a short half-life* (Wei et al., 2012).
MCL-1 expression was positively correlated with gene
amplification'? (Balko et al., 2014).
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Materials and Methods

Primer design for copy number analysis

Prior to primer and probe design, the genes of interest
were checked on the Sanger Institute website (https://
cancer.sanger.ac.uk/cell lines/conan/search). Using
the cell line copy number project database (Conan),
appropriate cell lines with copy number changes were
selected. These amplifications have been validated by
the Sanger Institute. After the amplification site was
determined, the Primer 3.0 software (v. 4.0.0) was
used to design PCR primers and probes. All probes and
primers were blasted on the NCBI databases to ensure
their specificity to the target gene. Primers and probe
temperatures were optimized using Primer 3 express
(Applied Biosystems). The assays were obtained from
the manufacturing company as lyophilized powder, and
according to the manufacturer recommendations the
powder was dissolved in sterile ultrapure water under
sterile conditions to obtain stock primers and probes at
concentrations of 100 uM. 10 uM aliquots of primers

and 2 pM aliquots of probes were then prepared and
stored at -20°C. All used probes were FAM-MGB or
VIC-labelled. MCL-Iforward primer, MCL-Ireverse
primer and two VIC and FAM-labelled MGB probes
were designed. Two different reference genes were
generated; one on the p-arm (H6PD) and the other on
the g-arm of the chromosome (CCT3) with MCL-1.
MCL-1 copy number analysis assays are listed in table1.
A duplex ratio test was used to determine copy number
changes. Three different master mixes were prepared,
each containing a FAM-labelled probe for the target of
interest, with the other VIC-labelled for the reference.
The reaction was run as follows: MCL-1 vs HOPDI (Ref
1), MCL-1 vs CCT3 (Ref 2) and Ref 1 vs Ref 2. MCL-1
amplification was analysed and discriminated from gain
as follows:

*  MCL-1CT value — H6PD CT value
*  MCL-1CT value — CCT3 CT value

* CCT3 CT value — H6PD CT value

Tablel. This table show list of primers used for analysis of MCL-1 copy number variation.

Primer Sequence 5°—3’ Length (nt) Tm (°C) Supplier
MCL-1F GCATCGAACCATTAGCAGAAAGT 23 58.5 Sigma
MCL-1 R GCCAGTCCCGTTTTGTCCTT 20 59.9 Sigma

MCL-1 probe VIC-TCACAGACGTTCTCG-MGB 15 68.0 AB
MCL-1 probe FAM-TCACAGACGTTCTCG-MGB 15 68.0 AB

CCT3 F FAM-GCATCATTGAAGACTCCTGTGTCT-MGB 24 58.4 Sigma

CCT3 R GCATACGTGGATGGGTCACAT 21 59.1 Sigma
CCT3 probe FAM-CGTGGAGTCATGATTA-MGB 16 67.0 AB

H6PD F TTCAGGCCAGGAGAGAAGTCTT 22 58.2 Sigma

H6PD R TTGTGCTGGTTGATATGAATGTGT 21 58.1 Sigma
H6PD probe VIC-TTGTGCTGGTTGATATGAATGTGT-MGB 19 68.0 AB
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Positive control DNAs for MCL-1 amplification
and gain analysis were obtained from cell line H1395
and H2342 respectively. The experiment was run
under standard thermo-cycling conditions (40 cycles,
60°C annealing temperature and 95°C denaturing
temperature), after which the ACT between each gene
pair was calculated. The tumour sample was then
normalized to the control sample (Human genomic
DNA) using AACT, and a Z-score was analysed using

CT values of the normal adjacent tissue against the
AACT.

Tumour samples

A total of 85 NSCLC tissues (LT1-LT85) were
obtained from the University Hospital of Leicester
(UHL) with consent and clinical outcome. Details of the
tissues are listed in Table 2.

Table2. This table summarize the clinicopathological feature of patients used in this study

Clinicopathological feature Total

Adenocarcinoma 39
Squamous cell carcinoma 38
Large cell carcinoma 2
Atypical carcinoid tumour 2

Tumour type
Adeno-squamous 1
Combined ADC and SCLC 1
Combined SCC and SCLC 1
Combined large cells and small cells 1
Male 45

Patient gender
Female 42
0-44 2
45-54 3

Patient age
55-64 14
65+ 67
Smokers 16
Ex-smokers 26
Smoking history

Non-smokers 3
Unknown 41
1A 8
1B 26
ITA 3
1B 21

Tumour stage
1ITA 18
111B 1
v 3
Unknown 7
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DNA extraction

DNA was extracted from NSCLC samples using
the QIAamp DNA blood mini kit from Qiagen (Cat No
51106). The fixed tissue was incubated at 65°C for 5
minutes, followed by immersion in xylene and graded
alcohol. The tissue was dried and then scraped into a
1.5 ml eppendorf using an ATL buffer. Ten mg/ml
proteinase K was added to the eppendorf and incubated
at 56°C for 4 days. AL buffer was then added and the
solution transferred to a Safe Lock tube and incubated
for 10 minutes at 70°C. Absolute ethanol was then added
at room temperature. The mixture was transferred into a
QIAamp column and centrifuged for 60 seconds at 8000
rpm, then the collection tube was changed and AW1
added to the column. The column was centrifuged again
at the same speed for 1 minute, after which the collection
tube was replaced and AW2 was added to the column.
The column was centrifuged for 3 minutes at 14000 rpm.
After discarding the buffer, the column was centrifuged
for 60 seconds at the same speed. To elute the DNA, AE
buffer was added to the column and incubated at room
temperature for 5 minutes. The column was centrifuged
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at 8000 rpm for 1 minute and then the eluted DNA was
transferred into a new Eppendorf and stored at 4°C until
required.

DNA quantification

DNA concentrations were measured using qPCR
and a standard curve. An ALU repeat assay (table 3) was
used to determine DNA concentrations in all samples.
The first standard was 10 ng DNA with six subsequent
standards produced using a dilution factor of 1:2.
Reactions were performed in a final volume of 10 pL
comprising 5 pL TagMan Genotyping Master Mix, 0.6
uL F primer,0.6 pL R primers, 0.2 uL probe and 0.6 pL
H,0. The primer concentration was 10 pM and the probe
concentration was 2 uM. 10 ng of DNA in a volume of 3
uL was added to make up the total volume of the reaction
to 10 pL. Reagents and DNA were loaded into 96 well
plates; the targeted region of the gene was amplified on a
Step One Plus thermocycler (Applied Biosystems) using
standard thermal cycling conditions. Reactions were run
as duplicates or in triplicate according to the amount of
DNA obtained from fixed tissues.

Table3. This table shows sequences of ALU repeat assays used for DNA quantification.

Primer Sequence 5°—3’ Length (nt) Tm (°C) Supplier
ALUF GACCATCCCGGCTAAAACG 19 59.0
ALUR CCACTACGCCCGGCTAATTT 20 59.9 .
Sigma
ALU_ probe VIC-CCCGTCTCTACTAAA-MGB 15 65.0
Immunostaining (AB). Rabbit polyclonal antibody (pAB) S-19(Cat No

Paraffin-embedded tissues from NSCLC patients
and normal control samples from tumour-adjacent tissue
were stained for MCL-1. Specimens were heated in an
incubator for 10 minutes at 65°C and then dewaxed
and rehydrated by passing them through xylene and
descending graded alcohol, respectively. The antigen
retrieval method was citrate buffer/microwave antigen
retrieval. A Novolink polymer detection system was
used to develop the immuno-staining. Overnight
incubation at 4°C was performed for the tested antibody

SC-819) was used in this study. Preliminary experiments
for the antibodies were performed on tonsil tissues;
various dilutions for the antibody starting from 1:100-
1:2000 were tested to obtain appropriate concentrations,
and TBS buffer containing 3% FBS/0.1% TritonX-100
was used as an antibody diluent to avoid AB non-
specific binding. Bright field microscopy (Leica, MD,
2500, Applied Biosystems) was used to analyse the
slides. Images were photographed using a Leica DFC
420 camera (Leica Microsystems Ltd., Switzerland).
The tumour area was first marked and then H-score
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was calculated using Aperio Image Scope software
(v.11.1.2.760),with an overall score of 0-300 being
stratified into 3 categories of % nuclear staining: weak
positive, intermediate positive nuclear staining and
strong positive staining nuclear staining (Cohen et al.,
2012). Staining level was then categorised according to
median of the all staining levels in tumour samples.

In situ hybridization technique (ISH ) for MCL-1
mRNA expression analysis

ISH was used to determine the level of MCL-1-
mRNA expression in NSCLC cases. Paraffin-embedded
tissues from patients with NSCLC were analysed for
MCL-1 mRNA expression along with different lung
cancer cell lines with MCL-1 amplification. Slides
were heated to 60°C for an hour, and then passed twice
through xylene solvent for 10 minutes, followed by
merging twice into 100% fresh ethanol or 99% IMS for
3 minutes each time. Sections were dried for 5 minutes
at room temperature. A hydrophobic barrier was created
around the specimen using an ImmEdge pen (Vector
Laboratories, Inc., Cat No. 4000; Burlingame, CA,
USA) and then 5-8 drops of pre-treatment 1 were added
onto the specimen and incubated at room temperature
for 10 minutes. The pre-treatment 1 was decanted and
the tissue sections immersed in distilled water with
agitation. In a fume hood, pre-treatment 2 was heated to
100-104°C and slides were then transferred into boiling
solution for 15 minutes. Samples were removed from
the boiling pre-treatment 2 and rinsed in distilled water
with agitation, followed by submerging into 100% or
99% IMS. Samples were then treated with pre-treatment
3 and incubated at 40°C for 30 minutes for the lung
tissue and for 15 minutes for the cell lines. Samples
were washed in distilled water with frequent agitation,
which was repeated for 5-15 minutes. Samples were
transferred into a warm HyEZ humidity control tray

(40°C) containing a slide rack and humidifying paper.
Target and control probes were pre-warmed at 40°C
for 10 minutes and 3-4 drops of probe were added to
the specimens, which were then incubated for 2 hours
at 40°C in a HyEZ oven. 1X wash buffer was used
immediately to wash the slides for 2 minutes after 2
hours incubation, and then the wash was repeated in
fresh 1X wash buffer with frequent agitation. Following
that, amplifiers 1, 2, 3 and 4 were applied to the slides,
and the slides were incubated at 40°C for 30, 15, 30 and
15 minutes, respectively. Amplifiers 5 and 6 were then
added for 30 and 15 minutes, respectively, and incubated
at room temperature followed by washing twice for 2
minutes after each amplifier treatment. Equal amounts
of DAB solution A and DAB solution B were mixed and
then applied to the tissue sections for 10 minutes at room
temperature to develop the signals. Distilled water was
then used to wash the DAB chromogene and the slides
submerged in 50% haematoxylin for 2 minutes. Fresh
water was used to wash the haematoxylin stain, and
then the slides were passed through 70% ethanol or 95%
IMS once for 2 minutes and twice in 100% ethanol or
99% IMS for 2 minutes, followed by merging into fresh
xylene for 5 minutes. Finally, slides were mounted using
a DPX mounting medium (Cell Path Ltd., Newtown
Powys, UK). Pictures were captured using a Leica DFC
420 camera (Leica Microsystems Ltd., Switzerland) and
the staining was analysed using the Aperio Image Scope
software (v.11.1.2.760).

Results

MCL-1 copy number variation analysis in
tumour specimens Copy number variation analysis
(amplification and gain) for MCL-Iwas performed using
gPCR. Each tumour tissue was analysed using AACT
and a Z score test was used to analyse the significance
of the gain and amplification in the tumour samples at a
confidence interval (CI) of 99.9%.
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Figure 1. MCL-1 amplification and gain in tumour samples.

MCL-1 amplification was significant in tumour
samples LTS5, LT7, LTS, LT9, LT17 and LT38 at a
99.9% confidence interval, diploid samples (tumour
adjacent tissues) and HG-DNA did not show significant
MCL-1 amplification, whereas the positive control DNA
from the H1395 cell line showed significant MCL-1
amplification (p <0.001) and showed about eight copies
of MCL-1 (A). MCL-1 gain was significant in tumour
samples LT7 and LT26 at a 99.9% confidence interval;
control tumour samples and HG-DNA did not show
significant MCL-1 gain, whereas positive control DNA
from the H2342 cell line showed very significant MCL-/
gain (p <0.001) (B).

MCL-1 amplification was found in 7.5% (6/79)
of NSCLC cases. MCL-1 amplification was found in
5/38 (13%) of SCC, however one patient with ADC
demonstrated MCL-1 amplification. Gain was detected
only in two cases of NSCLC, one SCC which has focal
amplification as well and one ADC (Table4). MCL-1
amplification was detected in both early and late stages
of NSCLC without correlation to stages of the disease.
There was no significant difference between gains and
amplifications according to the stage of the disease. In
both males and females, and both smokers and non-
smokers showed MCL-I amplifications. However,
males had a higher frequency of MCL-1 amplification
(4/5) compared to females (1/5).

Table 4. Copy number variation in NSCLC. MCL-/ copy number changes was detected in NSCLC. Six cases
were amplified for MCL-1/; the LTS showed six copies of MCL-1, LT17 and LT38 showed five copies, whereas
LT7, LTS8 and LT9 showed the lowest copy number (four copies).

Sample ID Histology Gender Stage gene Copy number change No of copies
LT5 SCC M 1B MCL-1 Amplification 6
LT7 SCC F IB MCL-1 Amplification/Gain 4/3
LT8 SCC M 1A MCL-1 Amplification 4
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Cont... Table 4. Copy number variation in NSCLC. MCL-] copy number changes was detected in NSCLC.
Six cases were amplified for MCL-1; the LTS showed six copies of M/CL-/, LT17 and LT38 showed five
copies, whereas LT7, LT8 and LT9 showed the lowest copy number (four copies).

LT9 ADC F Unknown MCL-1 Amplification 4
LT17 SCC M A MCL-1 Amplification/Gain 5
LT26 ADC F 1B MCL-1 Gain 6
LT38 SCC M 1B MCL-1 Amplification 5

MCL-1 immunohistochemistry analysis

Immuno-staining analysis showed mild, and medium to high expression of MCL-1 in normal lung tissue and
tumour samples (SCC, LCC and ADC) respectively. Normal tissue revealed mild and moderate expression of MCL-
1 in air passages and macrophages, respectively and various levels of MCL-1 expression were identified in different
histological subtypes of NSCLC (figure 2).

Figure 2. Expression of MCL-1 in normal and tumour lung tissue. MCL-1 was expressed by the epithelial
lining of bronchioles and macrophages of normal lung (A). Strong positive staining of MCL-1 was detected
in ADC (B) and SCC (D) samples with clear cytoplasmic location and a granular appearance of the MCL-1

protein in the mitochondria. Mild expression was detected in LCC (C).



Indian Journal of Forensic Medicine & Toxicology, July-September 2021, Vol. 15, No. 3

In situ hybridization for MCL-1 mRNA detection

To analyse levels of MCL-I mRNA and optimise
the target probe, ISH analysis was performed using an
MCL-1 probe obtained from Advanced Cell Diagnostics
(ACD), designed specifically to target MCL-I mRNA.
The probe was validated in MCL-/-amplified lung
adenocarcinoma cells (H1395), and compared with the
endogenous control gene POLR2A and the negative
control DapB. Increased levels of mRNA were observed

Endogenous control gene

Amplified
MCL-1 gene

Diploid case
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in H1395 cells compared to a non-amplified cell line
(H1355). To detect mRNA levels of MCL-1 in tumour
samples, the validated MCL-1 probe was applied to
79 NSCLC samples. MCL-I mRNA was detected at
different levels from mild (0-93) to high (>93) across
the 79 analysed samples. High levels were detected in
83% of the amplified cases. Figure 3 shows an example
of mRNA levels in an MCL-I-amplified tumour, levels
of MCL-I mRNA in MCL-I-amplified tumours were
higher than non-amplified.

Negative control

Figure 3. MCL-1 expression in tumour samples. The photomicrograph shows an increased amount of M/ CL-/
mRNA in a tumour sample with M/CL-/ amplification, while the diploid case shows normal levels of M CL-/
mRNA.

Discussion

MCL-1 is a critical gene, and has been implicated in
cell survival and drug resistance. Amplification of MCL-
1 has been identified in different human malignancies'*
(Leverson et al., 2015),with a high frequency in breast
and lung cancers %(Beroukhim et al., 2010).In this study,
we screened our clinical samples for MCL-1 copy number
variation, such as gene amplification and gain, and
detected MCL-1 amplification in different histological
subtypes of NSCLC. Amplification of 1q26.2 on which
MCL-1 is located was detected in ADC in previous
studies ®(Beroukhim et al., 2010)with a frequency of
20%!'5 (Zhang et al., 2015); by contrast, our study has
found a frequency of only 2.5% MCL-1 amplification in
ADCs. MCL-1 amplification was also identified in SCC

16(Chen et al., 2014), and we have also detected MCL-1
amplification at high frequency in SCC with MCL-1 gain
being mostly associated with ADC. This study is one of
the first to indicate that MCL-/ is commonly amplified
in SCC, and gained in ADC (isochromosome), however
there is not enough data in the literature to support
our findings due to the limitations of similar previous
studies. The mitochondrial anti-apoptotic protein MCL-
1 is essential for tumour survival in NSCLC!? (Zhang et
al.,2011). In previous studies, MCL-1 immunoreactivity
was detected in epithelial cells of various tissues such
as the epidermis, prostate, endometrium, breast, colon,
intestine and respiratory system. Strong staining was
detected in the apical layer of differentiated epithelial
cells and in the germinal centre of tonsil cells, but not in
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the mantle zone!® (Krajewski et al., 1995) . In this study,
we also detected strong immunostaining in several
normal cell types such as macrophages, the epithelial
lining of the respiratory tract and lymphoid cells in the
germinal centre of tonsils cells, but not in the mantle or
the stratified squamous epithelium of the blind crypt of
the tonsil. As MCL-1 is expressed in all differentiated
epithelial cells, almost all tumour samples have shown
mild to strong staining of (MCL-1)!° (Whitsett et
al., 2014). Strong positive and moderate staining of
the MCL-1 protein with a clear granular cytoplasmic
appearance in the mitochondria was detected. Intense
immunoreactivity of MCL-1 was detected in 32.4% of
NSCLC with a high proportion in ADC (56%) compared
to SCC (44%). Previous studies have also demonstrated
that expression of MCL-1 (moderate to strong) is high
in ADC (80%) compared with SCC (58%) '°(Whitsett
et al., 2014). High expression levels of MCL-1 were
observed in metastatic melanoma but were not correlated
to primary lesions*’ (Zhuang et al., 2007), and have also
been observed in advanced clinical stages of ovarian
cancer?! (Shigemasa et al., 2002); however, there was no
correlation between overexpressed MCL-1 and tumour
stage in NSCLC.

The MCL-1 protein is known to have a short half-
life 4(Wei et al., 2012). As a result, nRNA analysis was
added to this study. As well as MCL- 1 amplification being
analysed using duplex qPCR, the RNA scope technique
was used to measure the RNA levels. The advantage
of this latter technique is that the RNA molecule is
targeted by a specifically designed probe; previous
studies have also shown the specificity of RNA scope
target probes to different papilloma virus genotypes
within different infected cell lines?* (Wang et al., 2015).
Moreover, simple conventional chromogenic staining,
Haematoxylin dye and bright field microscopy can be
used for signal detection. Prior to analysis of MCL-
1 mRNA in NSCLC samples, the ISH technique was
applied to an MCL-[-amplified cell line (H1395), which
showed high sensitivity and specificity. This finding has
also been described by Wang and co-workers*® (Wang
et al., 2012). High levels of MCL-I mRNA (which is
a good indicator of gene amplification) was detected in
the H1395 cell line and, based on this finding, paraffin-
embedded tissues of NSCLC were analysed for MCL-
1 gene expression, which also showed a clear granular

appearance of mRNA in the specimens with different
expression levels. MCL-1 expression was positively
correlated with gene amplification in breast cancer;
however, MCL-1 amplification is not the only factor
that controls MCL-1 regulation as several breast cancer
tissues shown to be negative for MCL-1 amplification
have demonstrated MCL-1 overexpression'® (Balko
et al., 2014). In this study, no correlation was found
between MCL-1 protein levels and MCL-1 amplification.
However, a strong correlation was found between MCL-
1 mRNA and gene MCL-I/ amplification, the possible
interpretation for which is that the mRNA half-life is
longer than the protein half-life* (Wei et al., 2012).

Conclusions

This study has found that MCL-1 focal amplification
was mainly linked to SCC subtype; however, MCL-1
gain was linked to ADC. MCL-1 mRNA is overexpressed
in tumour sample with MCL-1 amplification. Although
overexpression of MCL-1 protein was very clear in
MCL-1 amplified cell line, MCL-1 protein expression
was varied among the all analysed tumour samples
whether amplified or diploid and this variation could
be due to instability of MCL-1 protein or due to tissue
processing conditions.
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